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ABSTRACT

ARTICLE HISTORY

Forested wetlands with high water tables are sensitive to disruption from harvesting yet support
commercially desired tree species like northern white-cedar. Winter harvest was conducted in Maine,
USA, to compare operational costs and productivity of cut-to-length harvesting in cedar (fragile soil) and
non-cedar stands (mixedwood, sturdy soil), evaluate uncertainties in harvesting costs and influential
factors, and forecast time for post-harvest recovery to pre-harvest volumes. Operational costs were
calculated using detailed time and motion studies. Operational costs for the cedar stands were higher
than non-cedar. Regression models were developed for harvesters, forwarders, and self-loading trucks;
number of logs per cycle was a common factor. Sensitivity analysis showed the dependence of opera
tional costs on labor and fuel costs. Forest Vegetation Simulator projections were used to assess harvest
sustainability and suggested the time required to regrow harvested merchantable volume is comparable
to cutting cycles recommended for similar treatments in the region. Predicted growth rates exceed those
reported regionally on similar sites, suggesting additional study of post-harvest response is warranted.
Results highlight site constraints on both operational and stand productivity in lowlands and will be useful
for timber harvesting decision-making and forest management planning if combined with assessment of
residual stand growth response.
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Introduction
Forested wetlands, characterized by woody vegetation six
meters or taller, provide a wide variety of ecosystem services
to humankind (Jiang 2016). In the state of Maine, USA,
forested wetlands account for 56% of total wetlands (Tiner
2007). The major forested wetlands of Maine are cedar
swamps, spruce bogs, red maple fens, and silver maple flood
plain forests (PIN, 2020). Northern white-cedar (Thuja occi
dentalis L.) is one of the most important tree species in forested
wetlands of northeastern USA and southeastern Canada in
terms of conservation and timber values (Boulfroy et al. 2012;
Wesely et al. 2018).
Approximately 75% of cedar forests are found in habitats
broadly described as lowlands in the northeastern USA
(Boulfroy et al. 2012). Of these, 54% and 21% are located in
flatwoods (relatively flat areas outside of floodplains; Ainslie
2002) and swamps (forested wetlands), respectively (Boulfroy
et al. 2012). Cedar occurs in both mixed and pure stands where
sites are characterized by deep, organic, and poorly drained soil
conditions (Boulfroy et al. 2012; Frohn 2017). These stands are
relatively under-managed because of the fragile ecosystem
where the species grows (Kenefic 2013). In terms of timber
harvesting, accessibility to the stand, absence of sturdy soil, and
a high water table can pose hazards to both timber harvesting
equipment and the ecosystem (Boulfroy et al. 2012).
Reduced volume of cedar growing stock in recent years in
some parts of its range is attributed to a wide variety of stand
conditions that create challenges for sustainable management
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(Boulfroy et al. 2012; Huff and McWilliams 2016). Yet active
management is necessary to ensure the economic (specialty
products, shingles, essential oils), social (traditional uses by
Native Americans), and ecosystem (biodiversity maintenance
and wildlife habitat) benefits provided by cedar stands (Verme
and Johnston 1986; Botti 1991; Heitzman et al. 1997; Boulfroy
et al. 2012). Understanding the cost and productivity of har
vesting lowland cedar is critical to sustainable management of
these stands and the ecosystem services they provide.
Timber harvesting involving heavy machines, such as har
vesters, can cause soil disturbances in the form of compaction
and rutting (Soman et al. 2019, 2020; Addison et al. 2019).
Furthermore, lowland sites such as forested wetlands that are
water-logged for a portion of the year tend to have smaller trees
compared to uplands (Hofmeyer et al. 2009). This can lead to
reduced productivity in such stands, because the cost of timber
harvesting per unit volume is a function of the average tree size
harvested (Kizha and Han 2016; Soman et al. 2019).
Additionally, shorter timber harvesting seasons, an impact of
climate change, may have contributed to the observed 47%
decline in cedar harvest in Maine since 2000 (Berry et al.
2019; Woodall et al. 2019). Changing winter temperatures
can result in fewer days with frozen ground and snow cover,
both of which are necessary for harvesting operations in low
lands. In Maine, winter warming has resulted in a lower num
ber (decreased from 26 to 16 days) of nights less than −17°C
over the last two decades (1995–2014) (Runkel et al. 2017).
This has resulted in the shifting of timber harvesting opera
tions from some lowlands to more upland sites (Keenan 2015).
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Silvics of cedar suggest the use of selection or irregular
shelterwood systems for retention and release of wellestablished cedar trees and to begin regeneration (Boulfroy et
al. 2012; Kenefic 2013). Moreover, partial harvest prescriptions
have fewer detrimental effects on fragile sites than clearcutting
(Jiang 2016), and thus are preferable on lowlands. This is
relevant in the northeastern USA and in Maine specifically,
due to the prevalence of harvests such as overstory removals
(removing all trees to release established regeneration) and
commercial clearcuts (removing all merchantable trees)
(Belair and Ducey 2018; Maine Forest Service 2021). Further,
to sustainably manage lowland cedar, operations need to be
limited to frozen ground conditions to reduce the impacts of
soil compaction, rutting, root damage, risk of windthrow, and
the probability of machines sinking (Boulfroy et al. 2012;
Rossman et al. 2016; Russell et al. 2018; George et al. 2019).
Within mechanized ground-based harvesting systems avail
able in the study region, the cut-to-length (CTL) harvesting
method, where the entire tree is processed at the stump, is ideal
for fragile sites as compared to conventional whole-tree har
vesting methods (Han et al. 2009; Jiang 2016; Kizha et al. 2021).
Harvest residue (slash) from CTL harvesting is left on site to
armor the trails and provide support, reducing the potential for
soil disturbance, and enhancing safety and efficiency of the
operation (Cudzik et al. 2017). Additionally, logs are carried
(forwarded) during primary transportation thereby reducing
soil disturbance and damage to advanced regeneration relative
to whole-tree skidding; for this reason, this method is compa
tible with cedar management on sites with established regen
eration (Waters et al. 2004). CTL equipment is also relatively
compact, resulting in narrower trails; the equipment has tracks
that disperse weight; and the number of machine passes are
fewer as compared to the whole tree-method (Rossman et al.
2016; Louis and Kizha 2021). The above-mentioned factors
make the CTL harvesting method the preferred option for
lowland cedar harvesting.
Predicting the volume of timber available at the next entry is
crucial information to determine sustainable harvest levels
over the management period. The Forest Vegetation
Simulator (FVS) and its regional variants are commonly used
growth and yield models in the USA, where growth rates can be
predicted based on stand information and inventory data
(Canavan and Ramm 2000). FVS is an individual-tree model
that supports the specification of management prescriptions by
providing information on maximum allowable height and dia
meter, Stand Density Index (SDI), species, and silviculture (i.e.,
trees of specified sizes and species are removed prior to projec
tion to simulate silvicultural treatment) (Crookston and Dixon
2005; Dixon and Keyser 2008).
Estimating the cost of harvesting and assessing the amount
of available timber in the future will help determine the feasi
bility of harvesting lowland cedar growing in fragile ecosys
tems. The specific objectives of this study were to: a) compare
the cost and productivity of cut-to-length operations between
lowland cedar on fragile soil and a non-cedar mixedwood stand
on sturdy soil; b) evaluate uncertainties in the harvesting costs
with respect to influential factors using sensitivity analysis; and
c) forecast time to recover to pre-harvest volume using FVS,
for the purpose of scheduling subsequent harvest operations.

Materials and methods
Study area
The study was conducted in the Penobscot Experimental
Forest (PEF) in Eddington (44°49ʹ56” N, 68°36ʹ 26” W;
Site 1) and Danforth (45°37ʹ56” N, 67°48ʹ 14” W; Site 2),
Maine, USA (Figure 1). In site 1 (S1), two treatments with
different ground conditions were studied: S1 Treatment 1
(S1T1), a 4.4-ha cedar-dominated stand in a lowland char
acterized by wet, marshy land with organic soil and high
water table throughout the growing season, and Treatment 2
(S1T2), a 12.5-ha mixedwood stand on sturdy soil. In S1T1,
average depth to the water table was 0.20 and 0.34 m for
spring and summer respectively. For S1T2, average depth to
the water table was 1.08 m in spring and 3.20 m in summer
(Murphy et al. 2011; UNB Forest Watershed Research
Center 2014). The average temperature and snow depth
during the operations was 7.4°C and 16 cm, respectively.
Soil types present in S1T1 were Bucksport and Wonsqueak
muck (83%) and Peru-Colonel-Turnbridge association
(17%); the slope was 0–3%. In S1T2, soil types BecketSkerry complex (46%), Peru-Colonel-Tunbridge association
(29%), and Monarda-Telos complex (21%) dominated, and
the slope ranged from 2% to 15% (Soil Survey Staff 2019).
In site 2 (S2) treatment 1 (S2T1), a 3.3-ha cedar-dominated
stand similar to S1T1 was studied. The site was dominated by
Monarda-Burnham complex soil type and the slope ranged
from 0 to 3%. The average temperature was −9.8°C during
the operatons. Snow depth and water table information was
not available.

Stand inventory
S1T1 was inventoried using nested circular plots (Kenefic et al.
2018). Nine fixed-radius plots of 0.08 ha (16.1 m radius) were
used to measure the diameter at breast height (dbh, at 1.37 m),
tree height, and species of trees ≥11.4 cm dbh. Stand density of
S1T1 was 1320 trees ha−1 with a basal area of 51 m2 ha−1 and
quadratic mean diameter (QMD) of the stand was 22.1 cm.
Cedar (81%) was the dominant species (Table 1). Other species
included red maple (Acer rubrum L.; 8%), American larch
(Larix laricina (Du Roi) K. Koch.; 7%), and red spruce (Picea
rubens Sarg.; 1%) (Table 1).
S1T2 had 24 variable-radius plots inventoried utilizing a 20
Basal Area Factor prism. The parameters recorded were similar
to those of the fixed-area plots described above. The dominant
species was eastern hemlock (Tsuga canadensis (L.) Carr.;
54%). Other species were eastern white pine (Pinus strobus L.;
23%), cedar (8%), red maple (6%), black ash (Fraxinus nigra
Marsh.; 3%), yellow birch (Betula alleghaniensis Britt.; 1%),
quaking aspen (Populus tremuloides Michx.; 1%), and paper
birch (Betula papyrifera Marsh.; 1%). The treatment had a basal
area of 40 m2 ha−1 with 739 trees ha−1 (Table 1) and the QMD
was 26.2 cm.
S2T1 was inventoried (4 plots) with the method used in
S1T1. Stand density was 1085 trees ha−1 with a basal area of 46
m2 ha−1 and the QMD was 23.4 cm. Cedar (81%) was the
dominant species; other species were red maple (8%), red
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Figure 1. S1T1 (lowland cedar), S1T2 (non-cedar stand) and S2T1(lowland cedar) in the study site along with the actual landing and hypothetical landing.

Table 1. Stand inventory descriptions for S1T1, S1T2, and S2T1. S1T1 and S2T1
were cedar dominated stands on fragile ground, whereas S1T2 was a non-cedar
stand on a more sturdy soil profile.
Stand Attributes
Area (ha)
Basal Area (m2 ha−1)
Trees per ha
QMDa (cm)
Volume (m3 ha−1)
Timber harvested (m3 ha−1)
Removal percentage (as percentage of
volume)

S1T1
S1T2
S2T1
4.4
12.5
3.3
51 ± 2
40 ± 3
46 ± 5
1320 ± 31 739 ± 59 1085 ± 174
22.1
26.2
23.4
315
305
296
120
127
108
38.1
41.6
36.5

a

QMD- Quadratic Mean Diameter

spruce (7%), balsam fir (Abies balsamea (L.) Mill; 2%), and
paper birch (1%) (Table 1). The stand inventory was performed
by US Forest Service and the University of Maine Forests
Office, which resulted in the difference in inventory techniques
adopted.

Silvicultural prescription
Variants of the irregular shelterwood system were prescribed in
all the treatments to improve growth of desired residual trees
and establish regeneration. Silvicultural prescriptions for the
treatments are detailed in George et al. (2019). After the har
vest, basal area (BA) of S1T1, S1T2, and S2T1 was reduced to
31, 22, and 29 m2 ha−1, respectively.

Harvesting operation
A cut-to-length (CTL) harvesting method was employed for
both treatments. The operation was conducted during the
winter, February 2019 in S1 and February 2020 in S2,
during which the ground was frozen, ensuring stability for
the machines to maneuver over the fragile soil conditions.
The operation lasted four days each in S1T1 and S2T1, and
eight days in S1T2. Machines and operators were different
for S1 and S2. The operators had more than six years of
experience.

Operational phases
Operational phases were felling and processing (harvester),
extraction (forwarder), and loading (self-loading trucks).
The components of Delay Free Cycle time (DFC; Table 2)
used for detailed time-motion study are detailed in George
et al. (2019). Information on the machines used is pro
vided in Table 3.
S1 had a higher average forwarding distance than S2. For
a realistic comparison of forwarding cost irrespective of the
distance due to stand conditions, a hypothetical (imaginary)
landing was presumed adjacent to the stand boundaries of
S1T1 and S1T2. Difference in distances between the actual
and hypothetical landings were 911 and 837 m for S1T1
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Table 2. Cycle elements and independent variables recorded during the detailed
time and motion study (George et al. 2019).
Operational phases
Felling and processing
(Harvester)

Cycle elements
Travel to trees
Cutting
Processing
Decking

Extraction
(Forwarder)

Travel empty
Travel loaded
Loading
Unloading

Loading
(Self-loading truck)

Swing empty
Grappling
Swing loaded
Sorting

Recorded predictor variable(s)
Butt-end diameters (cm)
Decking distance (m)
Distance between trees (m)
Number of cuts per cycle
Number of logs per cycle
Species
Butt-end diameters (cm)
Loaded distance (m)
Number of pieces
Species
Travel empty distance (m)
Butt-end diameters (cm)
Length of log (m)
Number of pieces
Species

(US$ ha−1) was estimated by multiplying wood harvested
per unit area (m3 ha−1) and operating cost per unit volume
(US$ m−3).

Cost allocation
To evaluate the individual cost of felling and processing for the
different assortments, an exclusive product allocation was car
ried out, in which DFC times from the whole operation were
separated to calculate the cost and productivity for the three
assortments (cedar, other softwoods, and hardwoods) (Louis
and Kizha 2019).

Sensitivity analysis
and S1T2, respectively. The actual landing was at the stand
boundary in S2T1. This has helped in an effective compar
ison of extraction cost between the sites. Time and distance
to reach the hypothetical and actual landings were sepa
rately measured for each forwarding cycle. For each DFC,
travel time from hypothetical to actual landing was
deducted and variation in cost of extraction due to differ
ence in forwarding distance was evaluated for S1T1 and
S1T2.

A local sensitivity analysis was conducted to understand the
effect of fluctuation in fuel prices and labor wages on the cost of
operations, keeping all other elements constant (Kizha and
Han 2016). For comparison, the minimum wage was kept as
US$ 12.00 per scheduled machine hour (SMH), as per legal
regulation for the state of Maine at the time of this study. The
maximum wage used was US$ 30.00 per SMH. Fuel price
altered between US$ 0.50 and 1.5 per liter.

Stand projection
Harvesting cost calculations
Harvesting cost was determined for the stump-to-truck
phase of the operation. By assimilating machine rate (pro
ductivity and operating cost of the machine, US$ PMH−1),
average DFC time, and volume produced (log scaling,
Huber’s formula) per DFC, the cost of operation was eval
uated per unit volume (US$ m−3) of wood generated from
the treatments (Miyata 1980; George et al. 2019; Soman et
al. 2019). The cost of felling and processing per unit area

Treatments were projected using the FVS Northeast
Variant’s Acadian growth and yield model for merchantable
volume of timber, which has been developed for the
Acadian region, where the study sites were located.
Treatments were projected until the stands reached preharvest merchantable volume. Based on tree age and height
data collected on site, site indices of 12 m for cedar and 21
m for white pine at an index age of 50 years were used for
the projections.

Table 3. Machine rate and cost of the equipment used in the harvesting. All the information was provided by the forest management company which owned and
operated the equipment.
Site 1 (S1)
Factors
Make and Model
Purchase price (US$) a
Salvage Value (US$)
Variable or operating cost
(US$ PMH−1) b
Economic life (yrs.)
Labor cost (US$ PMH−1)
Fuel consumption (L PMH−1) c
Scheduled Machine Hours (SMH yrs−1)
Utilization (%)
Machine rate (US$ PMH−1)
Operator experience (yrs)
a

All prices are expressed in US Dollars
PMH = Productive Machine Hour
c
L PMH−1 = Liters per Productive Machine Hour
b

Site 2 (S2)

Harvester
Ponsse Scorpion King
2018

Forwarder
Ponsse Buffalo
2016
400,000
75,000
37.89

Harvester
John Deere
1270 G
2019
690,000
120,000
83.99

Forwarder
Rottne
F15
2014
450,000
120,000
42.32

650,000
200,000
69.32
6
40.00
20.57
2000
75
205.91
8

8
34.67
14.96
2200
75
120.43
6

5
42.05
17.03
2200
80
214.69
7

7
37.57
17.03
2200
75
123.78
7
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Table 4. Cost (US$ m−3) and productivity (m3 PMH−1, Productive Machine Hour) of
each operational phase.

Statistical analysis
R software (version 4.0.3) was used to perform statistical ana
lysis. Datasets were checked for the assumptions of linear
regression. Linear regression was performed keeping DFC
time as the dependent variable (Table 2). Models were selected
based on the lowest AIC values using the MASS package
(Venables and Ripley 2002). ANOVA followed by Tukey
HSD post hoc were conducted to determine significant differ
ence (p < 0.05) between the observed variables. Standard errors
were estimated and denoted after parameter values.

Results
Harvesting operation
A total of 528, 1588, and 356 m3 of wood was harvested
from S1T1, S1T2, and S2T1, respectively (Table 1). In S1T1,
the majority of logs were cedar (72%) followed by hard
wood (13%), larch (10%), and spruce (2%). In S1T2, hard
woods (48%) constituted the most followed by hemlock
(26%), cedar (14%), pine (6%), fir (4%) and spruce (2%).
In S2T1, a similar trend to S1T1 was observed, i.e., cedar
(52%), hardwood (31%), and spruce (17%). ANOVA
revealed a significant difference in dbh (p < 0.01) between
S1T1 (21.27 ± 0.20 cm) and S1T2 (35.36 ± 2.43 cm), and
S1T2 and S2T1 (22.15 ± 0.38 cm). However, no difference
was found between S1T1 and S2T1.
Total cost of operating in S1T1 (US$ 16.64 m−3) was higher
compared to S1T2 (US$ 9.56 m−3) and S2T1 (US$ 13.17 m−3)
(Table 4). Cost of harvesting cedar-dominated stands was
higher than a non-cedar stand. Equipment and operators
were the same for S1T1 and S1T2, difference in cost can be
attributed to stand conditions, number of logs handled, average
log size and extraction distance (Table 5) (Kizha and Han 2016;
Baek 2018; Proto et al. 2018; Soman et al. 2019).
Felling and processing
From all the treatments a total of 542 DFCs were recorded.
ANOVA followed by Tukey HSD post-hoc test showed a
significant difference in average DFC time between S1T1
(31.7 ± 1.63 sec) and S1T2 (39.42 ± 2.93 sec) (p = 0.03),
and between S1T2 and S2T1 (24.91 ± 1.14 sec) (p < 0.01).
No significant difference was observed between S1T1 and
S2T1 (p = 0.19). The processing time contributed most to
the DFC time (48% ;15.51 ± 1.30 sec) in S1T1, 61%
(24.07 ± 2.41 sec) in S1T2, and 69% (17.24 ± 0.64 sec) in
S2T1, followed by travel time between trees, decking time,
and felling time. Processing time differed significantly
between S1T1 and S1T2 only (p < 0.01) and the harvester
produced a significantly lower number of logs per cycle in

Cost
Operational phase
S1T1
Felling and Processing (Harvester) 6.45
Extraction (Forwarder)
8.85b
Loadinga (Self-loading truck)
1.34
Total
16.64

Productivity

S1T2 S2T1 S1T1 S1T2 S2T1
3.80 5.78 31.95 54.18 37.14
4.42b 6.05 13.64 27.26 20.46
1.34 1.37 64.48 64.48 63.13
9.56 13.17 NA
NA
NA

a

All Products were merged at the landing
Hypothetical landing

b

S1T1 (1.88 ± 0.05; 0.36 m3 DFC−1) and S2T1 (1.46 ± 0.05;
0.32 m3 DFC−1) than S1T2 (2.26 ± 0.11; 0.79 m3 DFC−1; p
< 0.01). Similarly, for the number of cuts per cycle, a
significant difference was observed only between S1T1
(2.14 ± 0.07) and S1T2 (2.56 ± 0.13; p < 0.01).
Cost of the felling and processing and machine productivity
rates for the treatments are reported in Table 4. The costs for
felling and processing were US$ 774.00, 482.60, and
624.24 ha−1 for S1T1, S1T2, and S2T1, respectively, i.e., lower
cost for non-cedar stand.
Extraction
Extraction accounted for 48% of the total in-woods (stump
to landing) operational costs (Table 4). Hypothetical land
ings were assigned in S1 to understand the variation in the
cost of forwarding due to changes in forwarding distances.
The extraction cost was increased to US$ 13.33 and 7.46
m−3 (34% and 41%) for S1T1 and S1T2, respectively, when
the logs were brought to the actual landing. This was due to
the increase in forwarding distance by 911 m (S1T1) and
837 m (S1T2) which in turn increased the DFC time by
25 minutes (S1T1) and 22 minutes (S1T2), respectively.
Standardizing the increased cost showed that an increase
in forwarding distance by 100 m can increase the forward
ing cost by an average of US$ 0.43 m−3 (US$ 0.49 m−3 for
S1T1 and US$ 0.36 m−3 for S1T2). This can be affected by
the terrain, slope, and other site conditions.
Loading logs (within the unit) from S1T1 (35 ± 3 minutes)
took more time than S1T2 (19 ± 3 minutes) because of the
higher number of logs handled per DFC (74.6 ± 3.84 for
S1T1 and 55.38 ± 6.48 for S1T2) and difference in distances
between the loading points. Relative to S1T2, S2T1 took
more time (22.43 ± 2 minutes) to load logs, and more logs
were loaded (83.43 ± 3.60). At the landing, unloading time
was higher for S1T1 (11.60 ± 1.96 minutes) compared to
S1T2 (9.75 ± 0.67 minutes) because of a larger percentage
of smaller trees in the former, which resulted in the opera
tor grappling more logs per unloading cycle element
(6.28 ± 0.55 for S1T1 and 3.95 ± 0.51 for S1T2). In S2T1,
unloading time was 10.00 ± 0.81 minutes and unloaded

Table 5. Factors influencing the total operational costs for the treatments.
Harvester
Factors
Average DFCa time (min)
Volume per log (m3)
Number of logs per cycle
a

DFC – Delay free cycle

5

S1T1
0.53 ± 0.03
0.20 ± 0.01
1.88 ± 0.05

S1T2
0.66 ± 0.05
0.35 ± 0.04
2.26 ± 0.11

Forwarder
S2T1
0.42 ± 0.02
0.22 ± 0.02
1.46 ± 0.07

S1T1
49.27 ± 3.46
0.20 ± 0.01
74.6 ± 3.84

S1T2
32.00 ± 2.46
0.35 ± 0.04
55.38 ± 6.48

S2T1
40.16 ± 2.81
0.22 ± 0.02
83.43 ± 3.60
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Table 6. Operational cost (US$ m−3) and productivity (m3 PMH−1) of loading
various products (George et al. 2019).
Product
Cedar pulp
Hardwood
pulp
Pine sawlog

Delay free cycle time
(sec)
25.88 ± 1.34
44.83 ± 2.68

Average volume per
log (m3)
0.13
0.18

28.88 ± 2.21

0.48

Cost Productivity
1.93
44.96
1.39
62.40
1.13

76.28

7.29 ± 0.59 logs per cycle; this is similar to S1T1. There was
no significant difference (p = 0.61) in unloading time
between treatments.
Loading
It took an average of 49 minutes to load a truck. The average
DFC time was estimated at 33.31 ± 5.81 and 34.64 ± 2.94 sec for
S1 and S2, respectively. The loading cost for cedar pulpwood
(US$ 1.93 m−3) was higher compared to hardwood pulpwood
(US$ 1.39 m−3) (Table 6).
Sensitivity analysis on the cost of operation
The analysis showed a 50% increase in fuel price would
increase the cost of felling and processing by 5% and the
extraction cost by 6%. On the other hand, a 50% increase in
the wage of machine operators would increase the felling and
processing cost by 7% and the extraction cost by 9%.
Stand projection
S1T1 had a post-harvest volume of 195 m3 ha−1 and was
projected to grow back to the pre-harvest level (315 m3
ha−1) in 20 years. S1T2 had a post-harvest volume of 178
m3 ha−1 and was projected to take 22 years to recover to
the pre-harvest level (305 m3 ha−1). S2T1 was projected to
take 21 years to grow back from post-harvest level (188.01
m3 ha−1) to the pre-harvest level (295 m3 ha−1). This
reflects not only differences in harvest volume but predicted
net growth. S1T1, S1T2, and S2T1 were projected to grow
at a rate of 6.01, 5.91, and 5.07 m3 ha−1 yr−1. In addition,
though the cedar and non-cedar stands are predicted to
reach their previous pre-harvest merchantable volumes in
about 20–22 years, projected stand densities decrease over
time from 778 to 709, 314 to 287, and 682 to 618 trees ha−1
in S1T1, S1T2, and S2T1, respectively. This indicates a
predicted mortality rate of 4, 2, and 3 trees ha−1 yr−1 in
S1T1, S1T2, and S2T1, respectively.

Discussion
For the regression models developed for operational phases,
R2 were 0.57, 0.66, and 0.33 for felling and processing,
forwarding, and loading, respectively (Table 7). Similar R2
and significant predicator variables were observed by Hiesl
and Benjamin (2015) and Proto et al. (2018). Butt-end
diameter, distance traveled, and logs per cycle were found
to be the significant variables for predicting DFC time
(Nurminen et al. 2006; Ioan Apăfăian et al. 2017; Proto et

al. 2018), thereby establishing a direct relation between the
cost of the operation, average piece volume, and distance
traveled by harvester and forwarder.

Operational phases
Processing time was the major contributor to the DFC time of
the harvester (Nurminen et al. 2006; Ioan Apăfăian et al. 2017;
Pajkoš et al. 2018). The higher processing time for S1T2 might
be due to larger trees and higher percentage of hardwood
extracted (48%), which was only 13% in S1T1. Due to the
presence of large branches and the forked nature of hard
woods, the operator spent more time processing hardwoods
(33.37 ± 4.26 sec) than cedar or other softwoods
(15.20 ± 0.82 sec) (Kizha and Han 2016). Further assortment
of DFC supports this interpretation (Table 8).
The difference in felling and processing costs between the
treatments could partially be due to the difference in average
stem size between the treatments and equipment used (LeDoux
and Huyler 2001; Puttock et al. 2005). There was a significant
difference in dbh between the treatments in S1, however, S1T1
and S2T1 had trees with similar dbh. Even with a higher DFC
time, the increased machine productivity when handling larger
and higher numbers of logs per DFC subsequently decreased
the cost of this operational phase in S1T2 (Nurminen et al.
2006; Baek 2018; Pajkoš et al. 2018). These arguments are
validated by the regression models, in which butt-end diameter
(p < 0.01) and number of logs (p < 0.05) have a significant effect
on DFC time (Table 7) (George et al. 2019).
The study could not directly attribute the increased cost of
felling in S1T1 to the fragile forest floor. However, in S1T1, the
average distance traveled was 1.42 ± 0.09 m in an average time
of 9.77 ± 0.49 sec (0.14 m sec−1) between successive cuts. While
Table 7. Regression models selected based on the lowest AIC values for predicting
the delay-free cycle (DFC) time for the operational phases (p < 0.05). Data from
S1T1, S1T2, and S2T1 were combined.
Machine
Felling and
Processing
(Harvester)
Extraction
(Forwarder)

Loading (Selfloading truck)

R2
Standardized models predicting DFC time
0.57 Log DFC = 0.91** + 0.03 (number of logs per
cycle)* + 0.11 (hardwood)** + 0.11 (softwood)
** – 0.12 (S1T2)** + 0.06 (S2T1)* + 0.05
(distance to deck)* + 0.02 (distance between
trees)** + 0.11 (butt-end diameter)**
0.66 DFC = 3203.44** – 14.19 (in-woods travel
distance) −568.00 (number of logs per loading
cycle) – 171.94 (number of logs per unloading
cycle)* + 32.59 (number of logs per extraction
cycle)** – 953.25 (S1T2)** – 789.36 (S2T1)**
0.33 Log DFC = 1.24** + 0.03 (number of logs per
cycle)** + 0.09 (six meter length log)** + 0.17
(hardwood pulp)** + 0.11 (pine sawlog)**

** p < 0.01, * p < 0.05

Table 8. Cost (US$ m−3) and productivity (m3 PMH−1, Productive Machine Hour) of
felling and processing different assortments harvested from the treatments
(George et al. 2019).
Assortments
Cedar
Hardwood
Softwood

Delay free cycle time
(sec)
27.23 ± 0.87
56.35 ± 6.75
40.06 ± 3.78

Cost
6.35
6.09
5.66

Productivity
32.45
33.83
36.40

INTERNATIONAL JOURNAL OF FOREST ENGINEERING

in S1T2 the machine traveled an average distance of 2.68 ± 0.50
m in an average time of 8.41 ± 0.92 sec (0.31 m sec−1), i.e., a
greater distance in a shorter time (p < 0.01). This might be due
to the microtopography of the terrain or limited ground stabi
lity as lowland cedar stands are characterized by numerous pits
and mounds resulting from tree roots and buried deadwood
(Chimner and Hart 1996; Slaughter and Skean 2003; Wesely et
al. 2018). The presence of understory vegetation and regenera
tion might have also contributed to the increased travel time.
Finally, stand density being two times greater in S1T1 than
S1T2 (Table 1) may have impeded visibility and maneuverabil
ity in the former, thereby increasing travel time. Additional
investigation is required to substantiate this observation.
Ultimately, this harvest would not have been possible during
summer due to fragile ground condition. In S2T1, rate of travel
was 0.34 m sec−1 (i.e., 1.56 ± 0.48 m in 4.24 ± 0.87 sec). This
suggests an average rate of travel faster than that observed in
S1T1; different operators in S1 and S2 may have influenced this
outcome.
Productivity of the forwarders was in accordance with stu
dies by Ioan Apăfăian et al. (2017), Proto et al. (2018), and
Pajkoš et al. (2018) (Tables 4 and 5). Significant difference was
observed between S1T1 and S1T2 (p = 0.03), and S1T2 and
S2T1 (p < 0.01) for number of logs loaded per cycle. Ioan
Apăfăian et al. (2017) and Nurminen et al. (2006) made similar
observations and attributed the change in loading time to
differences in stand characteristics. At the landing, unloading
time was higher for S1T1 and S2T1 compared to S1T2, prob
ably due to higher number and smaller size of logs within the
load resulting in tangling of the logs during unloading
(Table 5).
The loading phase was the most productive for both
study sites (Table 4) (Kizha et al. 2020). The productivity
of a self-loading truck has previously been found to be
lower than a loader (110 m3 PMH−1). But self-loading
trucks are preferred when there is a constraint of landing
space and for smaller-sized logs (Kizha and Han 2016;
Soman et al. 2019).

Effects of fluctuating labor and fuel costs
Local sensitivity analysis was carried out to understand the
fluctuation in cost of harvesting due to varying fuel price
and labor cost, keeping all other factors constant. Even
though the increase in the operational prices ranged
between 7% and 9% due to a 50% increment in labor
cost, such an increase would have a considerable impact
in attracting a new work force to the trade. The shortage
of machine operators is one of the major challenges faced
by the industry (Koirala et al. 2017). Experienced opera
tors also have an instrumental role on general timber
harvesting (Kizha et al. 2020). These results can help in
evaluating the optimal wage that could attract and retain
skilled labor while being economically feasible for timber
harvesting contractors. Even though the effects of varia
tion in fuel price was only 5–6% variation in the in-woods
operational cost, this would have a profound impact on

7

the secondary transportation cost, which was not consid
ered in this analysis (Kizha. et al. 2015; Paulson et al.
2019).
Cost allocation based on DFC time for felling and processing
Cost allocation showed that cost of felling and processing
cedar was higher than other softwoods and hardwoods
(Table 8; George et al. 2019), which can be due to the
smaller size of cedar in the present study. The smaller size
of the cedar trees may be the result of the lowland site
conditions (muck soil); Parker et al. (1983) showed that
trees growing in peat and bogs were slow-growing, stunted
and smaller in size in comparison to those growing on
well-drained soil. The percentage of wood recovery was
also lower for cedar (2.2% lost) when compared to other
species (0.97% lost) harvested from the treatments
(obtained from measurement certificates, generated by
the harvester’s measuring device). This might be attributed
to the occurrence of heart rot disease, typical to cedar in
these sites (Johnston 1990; Hofmeyer et al. 2009; Kenefic
et al. 2019), leading to a greater number of cuts and fewer
logs per DFC.
Stand projection
The stands were projected using FVS to determine the time
required to regrow harvested merchantable volume. The rela
tive differences in growth rate may to some extent be a factor of
stocking, as stocking of S1T1 was somewhat higher than S1T2
and S2T1 after the harvest. However, growth rates for cedar
stands of similar age (about 100 years old) on comparable sites
(site index at 50 years = 12 m) can be inferred from yield tables
(Boulfroy et al. 2012) and approximate 2.0 m3 ha−1 yr−1 across
a range of stand densities. While it is reasonable to assume that
growth rates in silviculturally managed stands will exceed those
of cedar forests more generally, confirmation of projected
growth in the present study through future remeasurement is
warranted.
For the cedar stand, results obtained from FVS are
comparable to the average annual mortality rate of
<0.2% observed regionally for cedar on average sites
(Boulfroy et al. 2012). Whether the predicted reduction
in tree numbers is accurate in these partially harvested
stands is unknown until future remeasurements are
made. While reductions in canopy closure should increase
available light and thus improve growth and vigor of
residual trees (Ruel et al. 2014), partial harvesting may
increase windthrow of this shallow-rooted species in lowdensity areas or gap edges on lowland sites (Boulfroy et al.
2012). Factors such as these are not explicitly incorporated
into the distance-independent FVS model and warrant
future assessment. Nevertheless, if model outputs are
accepted as reasonable, predicted time to regrow the har
vested volume (20–22 years) for both treatment areas is
comparable to a 20-year cutting cycle, which has been
suggested for selection systems on poor sites (Frank and
Bjorkbom 1973) and small-gap irregular shelterwood
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systems (Saunders et al. 2014) in the Acadian region.
Remeasurements of the harvested stands will inform the
accuracy of the model results.

Conclusion
This study examined the economic viability of timber
harvesting operations on fragile soil and compared it
with an operation conducted on sturdy soil. The fragile
soils were replicated in another stand. The harvesting cost
was higher for the cedar stands compared to the stand on
sturdy soil accounting for an additional 54% increment
and can be attributed to smaller piece size as well as
higher in-woods movement and loading times. Overall,
the extraction cost accounted for 48% of the total inwoods operational costs. The extraction cost dropped by
34–41% when forwarding distance was changed. There was
no considerable difference in the cost of operations
between the fragile soil stand replicates ($16.64 and
13.17 m−3). Local sensitivity analysis revealed the varia
tions in the cost of harvesting due to fuel price and
operator wage.
Evidence from this study suggests that treatments as applied
are operationally feasible. If model projections are accurate,
outcomes are consistent with regional silvicultural guidance
regarding future reentry in softwood-dominated stands.
Projections of residual stand volume using FVS suggest the
harvested areas will be operable again for the same volume at a
cutting cycle length of about 20 years, though effects of spa
tially variable harvesting on residual stand growth and mortal
ity are not well understood. This lack of information is not
surprising, as cedar is one of the least-studied commercially
valuable tree species in its range (Hofmeyer et al. 2007).
Nevertheless, long-term sustainability will depend upon con
straining future harvests to periodic growth, which – depend
ing on cutting cycle – may or may not provide sufficient
volume for an operable harvest. A quantitative understanding
of stand and operational factors, including post-harvest growth
and mortality, can help in efficient planning of economically
feasible and sustainable harvest operations on similar lowland
sites.

Limitations of the study
This study was conducted in collaboration with managers
within the constraints of commercial forestland manage
ment, using stands selected for a larger study of silvicul
tural treatments. As such, there were some differences
between stands in terms of soils and tree species composi
tion, and between S1 and S2 in machinery and operators.
Even though the treatment in the cedar stands was repli
cated at two sites, caution should be taken when applying
findings more broadly until results are confirmed at other
locations. Nevertheless, the field-collected data analyzed in
the present study provide useful insights into timber har
vesting and operational costs on commonly harvested but
rarely studied stand and site types in the region, with
relevance to similar sites and species elsewhere.
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